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Carbon nanocage structures with Ge and SiC nanoparticles were synthesized by direct
current and radio frequency (dc-rf) hybrid arc discharge of C, Ge, and Si elements.
High-resolution images showed the formation of Ge and SiC nanoparticles and
nanowires encapsulated in carbon nanocapsules and nanotubes. The growth direction of
the Ge nanowires was found to be Æ 111 æ of Ge, and a structure model for Ge/C
interface was proposed. The present work indicates that the various carbon
nanostructures with semiconductor nanoparticles and nanowires can be synthesized by
the dc-rf hybrid arc-discharge method.
Various carbon nanocapsules filled with Au, LaC2,
Co, Fe, Ni, Cu, CrCx, MoCx, MoO3, WCx, WO3, TiC,
and other elements have been synthesized by an ordinary
arc-discharge method,1–5 which are expected to be used
for both scientific research and future device applications
such as cluster protection, nano-ball bearings, nano-
optical–magnetic devices, catalysis, and biotechnology.
Although these metal nanoparticles had been success-
fully enveloped inside the spherical graphene sheets, few
works have been reported for encapsulation of semicon-
ductors such as Si, SiC,6,7 and Ge.7,8 Although semicon-
ductor nanoparticles are expected to show luminescence
by the quantum size effect, they are easily oxidized by
exposure to air. Encapsulation of these semiconductor
nanoparticles by the graphene layers is expected to pro-
vide a stable surface structure and new properties.
Recently we have succeeded in the formation of car-
bon nanocapsules by thermal decomposition of poly(vi-
nyl alcohol) with SiC nanoparticles at 500 °C in an Ar
gas atmosphere.6,7 We have also produced Pd-
intercalated onions by electron-beam irradiation.9,10
These materials are expected to be used as solid-state
lubricants and magnetic materials, respectively. How-
ever, the starting materials of SiC nanoparticles and Pd
clusters should be prepared by other methods before pro-
ducing the carbon nanocapsules, and a new method for
the formation of nanocapsules filled with semiconductor
nanoparticles is needed.
The purpose of the present work is twofold. The first
is to synthesize carbon nanocapsules with semiconductor
nanoclusters by direct current and radio frequency (dc-rf)
hybrid arc discharge. In the present work, Ge and SiC
with the band structures of indirect transition were se-
lected. Ge and SiC semiconductors are extensively used
and studied in the electronic industrial field. It has been
reported that the band structure of Si with indirect tran-
sition could be changed into that of direct transition by
the downsizing of the nanoparticles.11 The second pur-
pose is to understand the nanostructures of the carbon
nanocapsules with Ge and SiC. The atomic structural
analysis was carried out by high-resolution electrona)e-mail: Oku@sanken.osaka-u.ac.jp
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microscopy (HREM).12–15 These studies will give us
guidelines for the formation of carbon nanocapsules with
the semiconductor nanoparticles with various band gap
energies.
Samples were prepared by a modified arc discharge
using pair anodes in order to enhance the Ge and Si
evaporation. A graphite hollow cylinder (0.6 cm in diam-
eter, 30 cm in length) is used for the main dc arc dis-
charge. The gap distance between the main discharge
electrodes is approximately 0.4 cm. A subanode of a car-
bon cylinder (1.5 cm in diameter, 10 cm in length) with
the semiconductor (Si or Ge) powder is used, and a main
anode of a carbon rod is partially mixed with the semi-
conductor powder. The dc arc discharge is initiated be-
tween a cathode electrode and the pair anodes. A rf
antenna of water-cooled spiral copper pipe is installed
3 cm above the arc point to generate auxiliary plasma
produced by an rf discharge around the dc arc plasma.
When rf power is applied to an antenna through a match-
ing circuit, the antenna dc current is also generated. The
experimental parameters are as follows: dc arc current 4
100 A; subanode current 80 A; rf power 4 600 W
(13.56 MHz); helium gas pressure 4 100 torr. A detailed
illustration of the apparatus was provided in the previous
work.16,17 The plasma produced by this dc-rf hybrid dis-
charge is much more voluminous than that by the ordi-
nary dc arc discharge.
Samples for HREM observations were prepared by
dispersing materials, which consist of soot collected in
the upper region of the arc-discharge chamber, on holey
carbon grids by using ethanol. HREM observations were
performed with 1250 and 300 kV electron microscopes
(ARM-1250 and JEM-3000F) (JEOL, Ltd., Tokyo, Ja-
pan) equipped with top and side entry goniometers hav-
ing point-to-point resolutions of 0.12 and 0.17 nm,
respectively. To avoid sample damage by electron irra-
diation, the electron beam for HREM observations was
minimized by using the smaller spot size. To compare
observed images with calculated ones, HREM images
were produced by the multislice method18 using the Mac-
Tempas software (Total Resolution, Berkeley, CA). The
parameters used in the calculations are as follows: accel-
erating voltage 4 300 kV; radius of the objective aper-
ture 4 5.9 nm−1; spherical aberration CS 4 0.6 mm;
spread of focus D 4 8 nm; semiangle of divergence a 4
0.55 mrad; defocus values Df 4 −41 nm; crystal thick-
ness t 4 1.6 nm.
A HREM image of carbon nanocapsules with SiC
nanoparticles is shown in Fig. 1(a). SiC nanoparticles
with sizes of 6–10 nm are observed. The material encap-
sulated in graphene sheets only consists of the SiC nano-
particles, and the number of the graphene sheets was in
the range of 3–10 layers. A HREM image of a carbon
nanocapsule and nanocage is shown in Fig. 1(b). The 5–6
graphene layers are observed around the nanoparticle,
and the size of the carbon nanocapsule is 4 nm. Lattice
fringes with a distance of 0.25 nm which corresponds to
the distance of {111} planes of b-SiC are observed in the
cluster. A carbon nanocage with three graphene sheets is
also observed. The tip of the cage is smeared as indicated
by arrows. Reproducibility of the carbon nanocapsules
was confirmed.
HREM images of Ge nanoparticles encapsulated in
graphene sheets and amorphous carbon are shown in
Figs. 2(a) and 2(b), respectively. In Fig. 2(a), the Ge
nanoparticle is surrounded by 1–3 graphene sheets. In
Fig. 2(b), Ge nanoparticle has a nanocrystalline structure
and is surrounded by amorphous carbon with thickness
of ca. 3 nm.
Figure 3(a) is a HREM image of Ge nanowire encap-
sulated in a carbon nanotube with 1–2 graphene sheets.
The diameter is 10 nm, and the length is 70 nm. The Ge
nanowire has a microtwin structure in region A as indi-
cated by arrows. The Ge has a single-crystal structure in
FIG. 1. HREM images of (a) carbon nanocapsules with SiC nanopar-
ticles and (b) a carbon nanocapsule and nanocage.
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region B. The growth direction of the nanowire is Æ 111 æ
of Ge. Another type of Ge nanowire encapsulated in a
carbon nanotube with 2–3 graphene sheets is shown in
Fig. 3(b). The diameter is 10 nm, and the length is 60 nm.
Although the Ge nanowire has a single-crystal structure,
disordered–amorphous Ge and amorphous carbon are ob-
served at the Ge nanowire tip as indicated by arrows. The
growth directions of both the nanowires are Æ 111 æ of the
Ge crystal.
Epitaxial growth of carbon {002} on the Ge{111}
planes was often observed at the nanocapsule/nanowire
interface in the present work, as shown in Fig. 4(a). A
similar epitaxial relationship was observed at the carbon/
b–SiC in the previous works.7 The information on
atomic arrangement at the carbon/Ge interface was ob-
tained from the HREM images in the present work, and
a structural model of the carbon/Ge interface was con-
structed, as shown in Fig. 4(b). In Fig. 4(b), Ge atoms
directly connect with carbon atoms of the graphite. From
the present high-resolution observation, carbon {002} is
parallel to Ge{111}, and carbon [110] is nearly parallel
to Ge [011]. (If the incidence is parallel to carbon [010],
two-dimensional lattice fringes should be observed.) The
Ge{111} is the most stable and flat dense plane in the
atomic level for Ge crystal, and the graphene sheet would
be easy to grow on that atomically flat plane. Although
there is lattice mismatch at the Ge/C interface, it is con-
sidered that the Ge{111} layer is connected with a gra-
phene sheet by the van der Waals force as well as the c
plane of graphite. The distance between the Ge crystal
and graphene layer was assumed to be 0.33 nm, which is
almost the same as that of graphite {002} planes. On the
basis of this model, a HREM image is calculated as
shown in Fig. 4(c). In the observed images of Fig. 4(a),
the distance between the dark contrast of the first carbon
layer and top of the Ge crystal is almost the same as that
of carbon {002}, which indicates that carbon atoms of
FIG. 2. HREM images of Ge nanoparticles encapsulated in (a) gra-
phene sheets and (b) amorphous carbon layers.
FIG. 3. HREM images of Ge nanowires encapsulated in carbon nano-
tubes: (a) crystalline Ge and graphene sheets and (b) amorphous car-
bon and Ge tip.
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the graphite-type structure directly connect with Ge at-
oms. Graphitization of amorphous carbon on Ge{111}
planes would be easier compared to the other planes, and
similar results were reported in the previous work for the
SiC/C interface.7 It is believed that the Ge{111} surface
would have low activation energy for graphite growth,
which results in the heterogeneous nucleation growth of
graphite.
Structural difference of graphene sheets on SiC and Ge
was observed in the present work. For SiC, excess carbon
atoms in the SiC nanoparticles would precipitate and
crystallize on the particle surface to form multicarbon
layers during cooling. Because the carbon atoms are not
soluble in Ge,20 graphitization seems to be difficult com-
pared to the precipitation on SiC. It is considered that
carbon atoms would be supplied outside the Ge nanopar-
ticles, and carbon layers form few graphene sheets or
amorphous layers depending on the cooling rate and the
surface structure.
Although many carbon nanocapsules with various el-
ements and compounds have been prepared by an ordi-
nary arc-discharge method, few nanocapsules filled with
Ge and SiC have been reported. In the present work, the
special dc-rf arc-discharge method was used, which re-
sults in the plasma-volume enlargement and the nano-
capsule formation. The SiC nanoparticles would be
formed by reaction of Si and C atoms in the dc arc
plasma. The dc-rf arc-discharge plasma would be effec-
tive for the formation of semiconductor nanoparticles
encapsulated in graphene sheets.
In the present work, the sizes of the semiconductor Ge
and SiC nanoparticles were reduced to 10 nm, which
indicates that widening of the band gap energy is ex-
pected by quantum size effects, and peculiar optoelec-
tronic properties will be expected. Ge nanowires
encapsulated in carbon nanotubes are also expected as
one-dimensional devices, and crystallinity of Ge is im-
portant for the formation of graphene sheets as shown in
Fig. 3. Hollow carbon clusters with diameters in the
range of 0.7–1.0 nm are often observed at the surface of
the carbon nanocapsules. They would be the higher
fullerenes derived from the C60 series structures, which
consists of 12 pentagons and arbitrary numbers of hexa-
gons with approximately 60 carbon atoms. Recent HREM
studies also showed the possibility of direct detection of
C60 fullerene materials.19 Si oxide and Ge oxide layers
are not observed at the surface of the SiC and Ge nano-
particles, which indicates that the carbon nanocapsules
are effective for cluster protection against oxidation in air.
In conclusion, carbon nanostructures with Ge and SiC
nanoparticles and nanowires were synthesized by the dc-
rf hybrid arc-discharge of C, Ge, and Si elements. High-
resolution images showed the formation of carbon
nanocapsules (2–8 carbon layers or amorphous carbon)
with Ge and SiC nanoparticles with the sizes of 2–20 nm.
Ge nanowires encapsulated in carbon nanotubes were
also produced, and the growth direction of the Ge nano-
wires was Æ 111 æ . The structure model for Ge/C interface
was proposed, which showed that carbon atoms of the
graphite-type structure directly connect with Ge atoms.
The present work indicates that the various carbon
nanostructures with semiconductor nanoparticles and
nanowires can be synthesized by the dc-rf hybrid
arc-discharge method; the carbon nanocapsules are ef-
fective for stabilization of the semiconductor nanopar-
ticles, and their new properties will be expected.
ACKNOWLEDGMENTS
The authors acknowledge Prof. K. Hiraga and E. Aoy-
agi for allowing us to use the electron microscope and T.
Hirano and H. Ishida for their assistance. This work was
carried out under the Cooperative Research Project Pro-
gram of the Research Institute of Electrical Communica-
tion, Tohoku University, and partly supported by a
Grant-in-Aid for Scientific Research, Ministry of Educa-
tion, Science, Sports, and Culture of Japan.
REFERENCES
1. Y. Saito, T. Yoshikawa, M. Inagaki, M. Tomita, and T. Hayashi,
Chem. Phys. Lett. 204, 277 (1993).
2. Y. Saito, T. Yoshikawa, M. Okuda, N. Fujimoto, K. Sumiyama,
FIG. 4. (a) Enlarged HREM image of a rectangle of Fig. 3(a), (b)
structural model of Ge/C interface, and (c) simulated image of the
Ge/C interface.
T. Oku et al.: Formation of carbon nanostructures with Ge and SiC nanoparticles
J. Mater. Res., Vol. 15, No. 10, Oct 2000 2185
K. Suzuki, A. Kasuya, and Y. Nisina, J. Phys. Chem. Solid 54,
1849 (1993).
3. J. Sloan, J. Cook, M.L.H. Green, J.L. Hutchinson, and R. Tenne,
J. Mater. Chem. 7, 1089 (1997).
4. L. Rapoport, Y. Bilik, Y. Feldman, M. Homyonfer, S.R. Cohen,
and R. Tenne, Nature (London) 387, 791 (1997).
5. B.R. Elliott, J.J. Host, V.P. Dravid, M.H. Teng, and J-H. Hwang,
J. Mater. Res. 12, 3328 (1997).
6. T. Oku, K. Niihira, and K. Suganuma, J. Mater. Chem. 8, 1323
(1998).
7. T. Oku, T. Hirano, S. Nakajima, and K. Suganuma, J. Mater. Res.
14, 4266 (1999).
8. A. Loiseau and H. Pascard, Chem. Phys. Lett. 256, 246 (1996).
9. T. Oku, G. Schmid, and K. Suganuma, J. Mater. Chem. 8, 2113
(1998).
10. T. Oku, Q. Sun, D-S. Wang, Q. Wang, Y. Kawazoe, G. Schmid,
and K. Suganuma, Mater. Trans. JIM 40, 1213 (1999).
11. W. Zhao, O. Schoenfeld, J. Kusano, Y. Aoyagi, and T. Sugano,
Jpn. J. Appl. Phys. 33, L899 (1994).
12. T. Oku and S. Nakajima, J. Mater. Res. 13, 1136 (1998).
13. T. Oku, A. Carlsson, L.R. Wallenberg, J-O. Malm, J-O. Bovin,
I. Higashi, T. Tanaka, and Y. Ishizawa, J. Solid State Chem. 135,
182 (1998).
14. T. Oku and J-O. Bovin, Philos. Mag. A 79, 821 (1999).
15. T. Oku and S. Nakajima, Appl. Phys. Lett. 75, 2226 (1999).
16. R. Hatakeyama, T. Hirata, Y. Ijiro, T. Mieno, N.Y. Sato, H. Mase,
M. Niwano, N. Miyamoto, and N. Sato, Proceedings of the 15th
Symposium on Plasma Processing, Hamamatsu, Japan (1998)
p. 470.
17. T. Hirata, N. Motegi, R. Hatakeyama, T. Oku, T. Mieno, N.Y.
Sato, H. Mase, M. Niwano, N. Miyamoto, and N. Sato, Chem.
Phys. Lett. (2000, submitted).
18. J.M. Cowley, Diffraction Physics, 2nd revised ed. (North-
Holland, Amsterdam, The Netherlands, 1981).
19. T. Oku, H. Kubota, T. Ohgami, and K. Suganuma, Carbon 37,
1299 (1999).
20. R.I. Scace and G.A. Slack, J. Chem. Phys. 30, 1551 (1959).
T. Oku et al.: Formation of carbon nanostructures with Ge and SiC nanoparticles
J. Mater. Res., Vol. 15, No. 10, Oct 20002186
